Abstract. X-ray technology has been widely used in a number of industrial applications for monitoring and inspecting inner defects which can hardly be found by normal vision systems as a ball grid array (BGA) or a flip chip array (FCA). Digital tomosynthesis (DT) is one of the most useful X-ray cross-sectional imaging methods for PCB inspection, and it usually uses an X-ray image intensifier. However, the image intensifier distorts X-ray images severely both of shape and intensity. This distortion breaks the correspondences between those images and prevents us from acquiring accurate cross-section images. Therefore, image distortion compensation is one of the most important issues in realizing a DT system. In this paper, an image distortion compensation method for an X-ray DT system is presented. It is to use a general distortion polynomial model on two dimensional plane that can cope with arbitrary, complex and various forms of distortion. Experimental results show a great improvement in compensation speed and accuracy.
Introduction
X-ray technology is a good solution for inspecting inner defects of industrial products. In case of conventional X-ray radiography images, however, it is very difficult to correctly recognize the internal shape of objects, because all objects on the projection line are overlapped in the images. On the other hand, X-ray cross-sectional imaging systems forming an arbitrary cross-section image of a 3D object make it easy to inspect the inner shape or structure of it. PCB solder joint inspection is one of the industrial fields which need such an X-ray inspection system. In particular, an X-ray crosssectional imaging system promises to be a good solution for new SMD (Surface Mount Device) technology such as BGA, FCA, and J-type lead [1] .
An X-ray cross-sectional image can be obtained from two or more images projected from different directions by the method such as tomography, laminography or digital tomosynthesis. Tomography has been mainly used in medical area, but recently it is being applied in industrial fields such as precision inspection of casting products [2] . Laminography was originated by Bocage [3] . Its principle comes from the geometric focusing effect by a synchronized motion between an X-ray source and a detector, which is shown in Fig. 1 . Digital tomosynthesis is a digital version of laminography, where a set of images of different views are stored and synthesized through computational operations in a computer [4] . It is one of the most useful X-ray cross-sectional imaging methods for PCB inspection because it can obtain a cross-section of a local inspection area very quickly. Thus it has been often applied to PCB solder joint inspection [1, [4] [5] [6] [7] .
For real time inspection of PCB by DT, an X-ray image intensifier usually is used. However, image intensifier distorts X-ray images severely both of shape and intensity. This distortion breaks the correspondences between those images and prevents us from acquiring accurate cross-section images. Therefore, image distortion compensation is one of the most important issues in realizing a DT system. In this paper, an image distortion compensation method for an X-ray DT system is presented.
It is to use a general distortion polynomial model that can cope with arbitrary, more complex and various forms of distortion. And it is available for both of intensity distortion and shape distortion. Fig. 2 (a) shows a configuration of the developed X-ray DT system, which is composed of a scanning X-ray tube, an image intensifier, a view selector and a zoom camera [8] . An image intensifier with a large input screen is used as an X-ray detector so as to get all images projected at various directions. The region of interest of a PCB is projected on a circular trajectory on the image intensifier as the X-ray is steered on the trajectory, and eight or more images are sequentially acquired by the zoom camera through a view selector. A galvanometer or a rotating prism can be used as a view selector. The captured images are saved in the digital memory of a computer, and then synthesized to generate a cross-sectional image. The curved image input surface of the intensifier, however, distorts both of the shape and the intensity of the X-ray images. Fig. 2 (b) shows eight distorted images of an uniformly spaced grid pattern projected onto the image intensifier according to the steered X-ray source location. It is shown that the images are distorted more severely in the peripheral area than the central area. It is not possible to get an accurate cross-sectional image from these distorted images, since the correspondences between the images are not maintained anymore [9] . To overcome these distortions, this paper proposes a distortion compensating method by using a general polynomial model.
Intensity Distortion Compensation
The central area of the image intensifier is brighter than the peripheral area, since the incident angle of the X-ray to the curved input surface of the intensifier varies with the incident locations. In each projected image, therefore, intensity is the highest at the corner near the image intensifier center and gets lower toward the peripheral area. To compensate for the distorted intensity and make it uniform over the image, the distorted intensity should be scaled up to the maximum level of the image. In order to do it, intensities are sampled over the image area and the distribution is modeled numerically. In this paper, the ratio of the intensity of an arbitrary position to the highest intensity is modeled by using a general polynomial.
Let us assume that the ratio Φ of the intensity in an arbitrary position (x, y) to the highest intensity of an image is modeled in the format of a general polynomial, which can represent an arbitrary form of distortion on two dimensional plane. For example, if the ratio is modeled by a 3rd order polynomial, a ratio i Φ in a position (x i , y i ) can be expressed as
where Assuming that mi Φ denotes an actual measurement value of the ratio Φ in a position (x i , y i ), the
The coefficient vector C of a distortion model can be obtained by least square method. The squared error 2 Φ E can be obtained as follows: (5) where max I is the desired maximum intensity value after intensity distortion compensation. Fig. 3 shows the result of intensity distortion compensation in case of using a 3rd order polynomial. 
Shape Distortion Compensation
The distortion in the DT system comes from the optical components such as an image intensifier, a view selector, lens, and so on. Theoretically, the distortion can be corrected based on a numerical model of an X-ray imaging system if all system parameters are ideally identified. However, it is not easy to build an accurate model of the system since there are so many parameters to be identified such as the position and rotation of the components, the optical parameters of the view selector and lens, and the intrinsic parameters of the image intensifier. This paper uses a general polynomial model on two dimensional plane to represent an arbitrary form of shape distortion.
Let us denote the coordinates of an original reference pattern as (x, y) and those of its distorted one as (X, Y). For example, if the distortion is modeled by a 2nd order polynomial, the distorted coordinates (X i , Y i ) in a position (x i , y i ) can be expressed as
where E can be obtained as follows:
. Therefore, by using A and B of Eq. (10), an arbitrary point (X, Y) in the distorted image can be mapped into a point (x, y) in the reference pattern. Increasing the polynomial order will definitely result in a more accurate mapping model. Fig. 4 shows the result of shape distortion compensation in case of using a 2nd order polynomial. 
Conclusions
X-ray cross-sectional imaging systems have been widely used in a number of industrial applications for monitoring and inspecting inner defects which can hardly be found by normal vision systems as a BGA or a FCA. In generating a cross-sectional image by an X-ray imaging system, however, there is a problem to be solved. It is how to correct the image distortion in intensity and shape which is caused by the curved input surface of an image intensifier. For image distortion compensation in both of intensity and shape, this paper presented a general polynomial model-based compensation method. It can model image distortion with an arbitrary form on two-dimensional plane, and compensate for both of intensity and shape distortion quickly and accurately. The experimental results showed that the distortion compensation was made within an error of about 1.5 pixels in an image of 640*480 pixels in case of using a 3rd order polynomial for intensity compensation and a 2nd order polynomial for shape compensation.
